The process of asteroid escaping from the resonant domain of 4:1 mean-motion commensurability with Jupiter is investigated. The role of different major planets in depleting this resonant domain is studied in detail by numerical experiments. The evolution of minor planets after quitting the resonant domain is also investigated. It is shown that the 4:1 resonance domain is a source not only for many near-Earth asteroids, but also for asteroids of the Edgeworth-Kuiper belt. Some numerical estimations of the depleting rate of the 4:1 resonant domain are presented.
INTRODUCTION
The study of dynamical evolution of asteroid orbits for large time intervals is very important for explanation of many phenomena observed in the Solar system. One of such phenomena is the formation of the Kirkwood gaps in the domains, where the mean motions of asteroids and Jupiter are commensurable. These gaps are observed in the inner part of the main asteroid belt, where asteroids avoid the resonant domains. In the outer part of the asteroid belt the situation is opposite: most of the asteroids are situated in resonances.
The problem of the formation of the Kirkwood gaps in the inner asteroid belt was investigated in many papers, and many fascinating results were obtained in this field within the last few years (see, i.e. Wisdom 1982 , Yoshikawa 1989 , Moons 1996 , Farinella et al. 1994 , Gladman et al. 1997 ). On the other hand, there are many questions and problems here, which have not been solved up to date or are not investigated sufficiently. One of such problems is the study of the role of different major planets in the evolution of orbits of the resonant asteroids in the inner belt and in the process of depleting the corresponding resonant domains.
In the present paper we investigate the dynamical evolution of orbits of minor planets in the domain of 4:1 mean-motion commensurability with Jupiter. This domain has a very complicated dynamical structure because of the presence of two strong secular resonances inside the main mean-motion resonance (one is associated with the motion of the asteroidal node and the other is associated with the motion of the asteroidal pericenter), and here we observe now a great gap, where minor planets are completely absent. Attempts to investigate this resonant domain were based mainly on numerical methods. In the paper by Dvorak et al. (1993) this resonance was studied in the frames of the restricted three-body problem in the system "Sun-Jupiter-asteroid"; the influence of Saturn was investigated by Müller &; Dvorak (1995) . These researches show that the dynamical behavior of asteroids in this domain is extremely chaotic, and the perturbations of orbital elements of the minor planets can be very significant.
The aim of our research is to study in detail the process of depleting the 4:1 resonant domain, the role of different major planets in this process, the evolution of asteroid orbits after quitting the resonant domain and the distribution of asteroids in the Solar system after escape from this resonance. The successful solution of these problems can help to explain the observed phenomena in motion and distribution of minor planets in the Solar system and to understand better the process of depleting the resonant domains and formation of the Kirkwood gaps in the inner part of the asteroid belt and the role of different major planets in this process.
PERTURBATIONS FROM GIANT PLANETS
To study the dynamical behavior of the asteroidal orbits in the vicinity of the 4:1 resonance, we integrate numerically the equations of motion of several thousands fictitious minor planets with semimajor axes between 2.060 AU and 2.067 AU over 10 7 -10 8 years.
For numerical integration of equations of motion in the Cartesian
coordinates we use the Lie-integrator of the twelfth order, described in detail by Hanslmeier & Dvorak (1984) .
Integrating the equations of asteroid motion with only Jupiter as a disturbing body, we realize that the resonant perturbations from Jupiter cause considerable periodic variations of all orbital elements of asteroids situated at the center of the resonant domain. The amplitudes of resonant perturbations of the asteroid orbit can reach the following large values: in the semi-major axis A a ~ 0.015 AU, in the eccentricity Ae ~ 0.99 and in the inclination Ai ~ 30°. The approximate value of the period of these resonant perturbations is about 300 000-350 000 years. It is very important to notice that there is a sharp border of the resonant domain where these significant perturbations take place. Outside this resonant domain all perturbations from Jupiter become very small and regular. In some numerical experiments we can see the capture of an asteroid into the resonance or its escape from the resonant domain. The examples of such asteroids can be seen in Figs. 1 and 2 , where we present dynamical evolution of two asteroids in the neighborhood of the resonance 4:1. The time step of output of the results of numerical integration in both cases is equal to 1000 years. We can see also the correlation in the behavior of inclination and eccentricity of the asteroid orbit. The behavior of inclination has a jump-shaping structure, the jumps corresponding to the maximum values of eccentricity of the orbit.
By introducing Saturn into the numerical integration, we enlarge the domain where asteroids undergo great resonant perturbations from Jupiter. This fact can be explained as a result of perturbations from Saturn, introducing into the domain of resonant Jovian perturbations even these asteroids which initially were outside it. Under the influence of the pair "Jupiter-Saturn" the amplitudes of the perturbations of orbital elements of asteroids become in the resonant domain more significant and can reach the following values: in the semi-major axis A a ~ 0.04 AU, in the eccentricity Ae fa 1.0 and in the inclination Ai « 180° (it means the rotation of the orbit around the Solar system plane). In Fig. 3 one can see the evolution of orbit elements of the same asteroid as in Fig. 1 (the same initial conditions), but now under the influence of the pair "Jupiter-Saturn". The example of an asteroid with rotation around the Solar system plane is presented in Fig. 4 (for convenience of presentation, we draw the inclination in the interval 0° < i < 180° instead of the usual definition -90° < i < 90°). This asteroid being affected only by Jupiter had no great resonant perturbations (i.e. it was situated outside the resonant domain), and the amplitudes of variation of its orbital elements were following: A a & 0.003 AU, Ae « 0.07, A i « 4.5°. After taking Saturn into consideration, the domain where asteroids undergo considerable resonant perturbations not only increases, but also the sharp border of the resonant domain disappears. In this case, many asteroids near the border can come into the domain and leave it many times in the process of their evolution.
Perturbations caused by Uranus and Neptune most cases do not introduce any substantial changes into the process of evolution of asteroid orbits. In many cases the motion of asteroids becomes even more stable (the amplitudes of resonant perturbations become smaller). But there are some specific cases when the asteroid orbits under the influence of Uranus and Neptune show considerable changes. Sometimes we can even observe the appearance of jumps in the behavior of the semi-major axis or the appearance of rotation of the orbit around the Solar system plane. In Fig. 5 one can see a typical example of such an asteroid orbit. Under the influence of perturbations, caused by Jupiter and Saturn only, this orbit was more stable: variations of inclination did not exceed Ai ~ 40°, and no jumps in the behavior of semi-major axis were observed. This phenomenon is extremely interesting and connected probably with far encounters of asteroids with Jupiter amplified by the joint gravitational action of other giant planets. This phenomenon shows that the asteroids can be expelled from this resonant domain under the influence of giant planets only.
We should emphasize that in our numerical experiments we do not consider the case of asteroids falling into the Sun. Such cases are, of course, possible (see, e.g., Farinella et al. 1994) when the eccentricity of the orbit is larger than 0.9977...; some asteroids in our experiments reach this value. However, most of asteroids analyzed here (also all asteroids whose evolution is shown in figures of this paper) move by orbits with eccentricities e < 0.996. Consequently, they do not fall into the Sun in the process of their evolution.
All computer experiments described in this paper were realized on SUN workstations in Fortran 77 under the UNIX operating system. More pictures showing the evolution of resonant asteroid orbits under the influence of different major planets are available from the author upon request. 
PERTURBATIONS FROM THE EARTH AND MARS
To investigate the role of the Earth and Mars in evolution of asteroid orbits, we have integrated numerically the equations of motion of minor planets in the frames of the following dynamical models:
(1) asteroid + Jupiter + Saturn + Mars; (2) asteroid + Jupiter + Saturn + Earth; (3) asteroid + Jupiter + Saturn + Earth + Mars; (4) asteroid + four giant planets + Mars; (5) asteroid + four giant planets + Earth.
Our numerical experiments show that gravitational influence of the Earth and Mars cause substantial changes in the evolution of orbits of minor planets situated initially in the vicinity of the 4:1 resonance with Jupiter. Because the eccentricities of asteroid orbits in this domain under the influence of resonant perturbations from Jupiter increase up to the value e « 1.0, these minor planets have close encounters with Earth and Mars in the process of their evolution. These encounters lead to jumps or drift in the behavior of semi-major axes of asteroid orbits, and, as a result, the asteroids quit the resonant domain. In the case of very close approaches of asteroids to Earth and Mars, changes of their semi-major axes have a form of oscillations. If the approach is not close enough, then the semi-major axis drifts from the resonant domain. In Figs. 6 and 7 we present the evolution of some typical asteroid orbits situated initially near the 4:1 resonance with Jupiter under the influence of perturbations from Jupiter, Saturn, Mars and Earth.
Our computer experiments show that the main body which is responsible for depleting the 4:1 resonant domain is the Earth (not Mars). The time of full depletion of this resonant domain in the models "asteroid + Jupiter + Saturn + Mars + Earth" and "asteroid + Jupiter + Saturn + Earth" is about 1 Myrs. It is substantially less than in the models "asteroid + Jupiter + Saturn + Mars" or "asteroid + four giant planets + Mars". This phenomenon can be explained as a result of asteroids with so large eccentricities of their orbits that the probabilities of close encounters of these asteroids with the Earth and Mars are approximately equal, and because the mass of the Earth is about 9.42 times larger than the mass of Mars, it is easy to understand, why the encounters with the Earth play much more important role. As a result of our numerical experiments we can describe the process of depleting the 4:1 resonant domain by the following sequence of events:
(1) the great increase of eccentricity of asteroid orbits under the influence of resonant perturbations by Jupiter (near the center of the resonant domain) or the pair "Jupiter-Saturn" (on the borders of the resonant domain); typical time of this process is about 100 000 years;
(2) the close encounters of asteroids moving on highly eccentric orbits with Earth and Mars, that leads to jumps or drift of the semi-major axis of asteroid orbit; as a result, the asteroids leave the resonant domain; typical time of this process is about 1 000 000 years; (3) the forthcoming evolution of asteroid orbits outside the resonant domain.
EVOLUTION OF ASTEROID ORBITS AFTER ESCAPE FROM THE RESONANCE
The majority of asteroids situated initially in the 4:1 resonant domain after escape from the resonance stabilize on non-resonant orbits in the inner part of the asteroid belt. Such a behavior is typical for about 90% of minor planets. After leaving the resonant domain the perturbations from Jupiter become small and regular, the close encounters with Earth and Mars become impossible and the forthcoming evolution of such asteroids does not contain any interesting events.
On the other hand, the dynamical behavior of about 10% of resonant asteroids after leaving the 4:1 resonant domain does not stabilize, and the forthcoming evolution of such asteroids undergo the catastrophic changes. The semi-major axes of a part of these asteroids after close encounters with Earth and Mars become small, and, as a result, these minor planets become near-Earth objects even at moderately large eccentricities. An example of such an orbit is presented in Fig. 7 . We can see that after a jump in the semi-major axis the motion of this asteroid stabilizes on a non-resonant Earthcrossing orbit.
The evolution of another group of asteroids is much more intriguing. The semi-major axes of orbits of some unique minor planets after close encounters with Earth and Mars become so large, that these asteroids become Jupiter-crossers. In their forthcoming evolution such asteroids have close approaches to Jupiter, which lead to drastic changes of semi-major axes of their orbits. As a result, after close encounters with Jupiter (or other giant planet) such initially elliptical orbits can turn into hyperbolic ones, and these asteroids leave the Solar system completely. In Fig. 8 one can see an example of such orbit. The negative values of semi-major axis correspond to the case of hyperbolic motion.
There is also another group of asteroids, which after close encounters with Jupiter (or other giant planets) continue their evolution in orbits with the values of semi-major axes between 25 AU and 70 AU. An example of such an orbit is presented in Fig. 9 . Numerical experiments show that motion of asteroids in such orbits can become stable, and, as a result, we obtain finally the orbit of a Edgeworth-Kuiper belt object.
The phenomenon of transformation of resonant asteroid orbit of the inner belt into the orbit of transneptunian minor planets is extremely interesting and was not known earlier; it should be investigated more carefully.
CONCLUSIONS
By numerical experiments we can look at the process of depleting the domain corresponding to 4:1 mean-motion resonance of asteroids with Jupiter, the role of different planets in this process and the possible ways of evolution of asteroid orbits after leaving the resonant domain.
We can see that asteroids can be expelled from the resonant domain not only due to close encounters with Earth and Mars, but also sometimes due to far encounters (at aphelion) with Jupiter amplified by joint action of other giant planets.
We can also see that after escape from resonance the asteroids can continue their evolution in different non-resonant orbits in the inner part of the asteroid belt, can stabilize in Earth-crossing orbits, can completely leave the Solar system due to close encounters with Jupiter or can continue their evolution as Edgeworth-Kuiper belt objects.
On the basis of our numerical experiments we conclude that the domain of the 4:1 resonance can be considered not only as a large 
